Abstract Industrially, enzymatic hydrolysis of lignocellulose at high solid content is preferable over low solids due to a reduction in processing costs. Unfortunately, the economic benefits are counteracted by a linear decrease in yield with solid content, referred to as the "solid effect" in the literature. In the current study, we investigate the contribution of product inhibition to the solid effect (7-33 % solids). Product inhibition was measured directly by adding glucose to high-solid hydrolysis samples and indirectly through variation of water content and beta-glucosidase concentration. The results suggest that the solid effect is mainly controlled by product inhibition under the given experimental conditions (washed pretreated corn stover as substrate). Cellobiose was found to be approximately 15 times more inhibitory than glucose on a molar scale. However, considering that glucose concentrations are at least 100 times higher than cellobiose concentrations under industrial conditions, glucose inhibition of cellulases is suggested to be the main cause of the solid effect.
Introduction
Enzymatic saccharification is a key process in upcoming industries producing liquid fuels from cellulose-rich biomass [1, 2] . This is due to the great abundance of waste crops as wheat straw or corn stover which can be hydrolyzed to fermentable sugars using effective economically feasible enzymes solutions [1, 3, 4] . Currently, however, the commercial relevance of bioethanol is limited by costs associated with the process step, which includes several days of enzymatic hydrolysis at 50°C [5, 6] . Thus, at present, much attention is directed toward optimizing the enzyme complex (by wild-type screening, rational design, or directed evolutionsubstrate) in order to speed up the hydrolysis and ensure high final concentrations of glucose which facilitate downstream processes (fermentation and distillation) [8] [9] [10] .
One approach to reduce the processing cost is to use high-substrate (biomass) loads (>15 % w/w), referred to as "high-solids" in the literature, which may reduce cost for water consumption, heating, and distillation [5, [11] [12] [13] . This approach has been followed in several studies and seems promising, however, with the main drawback that the conversion yield decreases linearly with substrate fraction. This relationship has been referred to as the "solid effect," and we will use this term throughout this paper [13] [14] [15] . Several distinct mechanisms may contribute to the solid effect, and previous works have suggested product inhibition [5, [14] [15] [16] [17] [18] [19] , mass transfer limitations due to high substrate loadings [6, 20] , or nonproductive adsorption/binding to lignin residues or other non-cellulose components such as xylo-oligosaccharides or (poly)-phenols [21] [22] [23] [24] [25] . Several studies [6, 14, 26] have shown that the solid effects occur on many different substrates, ranging from pure cellulose to complex lignocellulose, which rule out adsorption to lignin and release of soluble nonsugar inhibitors as main inhibitory mechanisms at high-solid loadings. Furthermore, if mass transfer due to high substrate loadings is the primary rate-limiting factor, a linear decrease is not expected due to the inverse relationship between diffusion and viscosity (Stokes-Einstein equation). This interpretation has been further supported in hydrolysis studies where different amounts of cross-linked nonhydrolyzable dextrans were added to increase the solid content of 5 % cellulose samples. This work concluded that the dextrans did not affect cellulose conversion [27] . Lastly, studies have shown that replacing water with oleyl alcohol only affects enzyme performance slightly and not to the same extent as seen from the solid effect, which indicates that water activity is not a limiting factor [14] . The above findings suggest that the solid effect is a generic property associated with the kinetics of cellulase hydrolysis, and not substrate-specific. This, however, does not rule out additional contributions from effects originating from substrate-specific properties, including the presence of soluble (poly) phenolics, etc.
In this study, we investigated the contribution of product inhibition to the solid effect. The experimental approach was to measure product inhibition of a commercial cellulase cocktail (Celluclast™ 1.5 L) directly by adding glucose to high-solid hydrolysis samples and indirectly by varying the solid/water content (constant mass of solid and enzyme with different volumes of water). Furthermore, the relative strength of glucose and cellobiose inhibition was analyzed through variation of beta-glucosidase activity and discussed in relation to the inhibition mechanism and enzyme performance under relevant industrial conditions.
Material and Method

Enzymes and substrates
Enzymes
The enzymes used for cellulose hydrolysis were the commercial products Celluclast™ 1.5 L and Novozyme188®. Celluclast™ 1.5 L contains a mixture of cellulases (mainly cellobiohydrolases and endoglucosidases) from Trichoderma reesei, and the specific activity was measured to 82 filter paper units (FPU) ml −1 by standard methods [28, 29] . Novozyme188 mainly contains β-glucosidase from Aspergillus niger (AnBG) and has a specific activity of 250 cellobiase units ml . Celluclast and Novozyme188 solutions were buffer exchanged to 50 mM sodium acetate and 2 mM CaCl 2 at pH 5 prior to hydrolysis in order to remove excipients, salts, and formulation buffer (resulting in 1.4 times dilution). Unless stated otherwise, the buffer exchanged Celluclast was dosed at 10 FPU g −1 of cellulose (corrected for dilution due to buffer exchange), and Novozyme188 was dosed at 1:4v/v with respect to Celluclast (8 cellobiase units (CBU) g −1 of cellulose).
Substrate
Washed, ground, and sieved pretreated corn stover (WGS-PCS) was used as substrate. In brief, the dry senescent corn stover was pretreated by the National Renewable Energy Laboratory (NREL, Denver, CO, USA) by an addition of sulfuric acid to 1.5 % w/w (based on total mass of slurry) and heated to 192°C in a Sunds reactor for 3 min. After pretreatment, the material was washed, ground, and sieved (325-μm mesh size) as described elsewhere [28] . The composition of the PCS was determined by NREL Laboratory Analytical Procedures (LAP) to be 57.5 % cellulose, 7.0 % xylan, and 27.2 % lignin (w/w) (acid insoluble). The pH of the PCS suspensions was adjusted to 5 by an addition of 0.2 M NaOH. Five millimolars of sodium azide was added to all samples to avoid microbial growth during hydrolysis experiments.
HPLC analysis
The sugar concentration (glucose and cellobiose) in the liquid phase was measured by highperformance liquid chromatography (HPLC) with RI detection (Agilent 1100 RI, CA, USA). The eluent was 5 mM H 2 SO 4 with a flow rate of 0.6 ml min −1 , and the column temperature was 60°C. The column was an Aminex HPX-87H (Bio-Rad, Copenhagen, Denmark). Calibration trials were performed on glucose and cellobiose, and fucose was used as an internal standard. The samples for HPLC analysis were prepared as follows: the hydrolysis experiments were stopped by adding 8-ml 80°C water to each sample (1-5 g depending on solid content) and heated to 95°C for 20 min. During this inactivation time, samples were vigorously shaken to ensure efficient sugar extraction. The above extraction step was repeated with 8-ml 50 % ethanol, as this has been shown to improve extraction efficiency [30] . The supernatants from the two extraction steps were pooled and reduced to approximately 4 g (measured by weighing at room temperature) by evaporation at 80°C. The samples were filtered through a 0.45-μm nylon filter, mixed with internal standard, and mounted on the HPLC autosampler.
Variation of water content
Twenty-gram 35.3 % (w/w) PCS was transferred to a glass beaker on ice. Sodium azide (5 mM) and enzyme (Celluclast+Novozyme188) and substrate were mixed on ice using a metal spatula for 2 min to a final concentration of 10 FPU g −1 of cellulose. The precise mass of 1-g aliquots of 33.3 % (slightly diluted due to the addition of enzyme and azide solution) biomass was determined, and each sample was added with a buffer (0-4 ml) to produce a series of samples with solid contents between 7 and 33 % in 15-ml falcon tubes with a final mass between 1 and 5 g depending on volume of the added buffer. This resulted in samples with fixed amount of solid and enzyme, but with decreasing solid fraction (and increasing liquid fraction). After mixing, the samples were immediately mounted on a rotator wheel (2 RPM) at 50°C for 20 h of hydrolysis and then thermally inactivated (95°C 20 min) and analyzed by HPLC as described above.
Variation of initial glucose concentrations
Twenty-gram 35.3 % (w/w) PCS was mixed with enzyme (same dosage as above) on ice and weighted out in 1-g portions as described above. Each sample was mixed with an increasing amount of glucose by addition of 0.26 ml (0-2 M) of glucose. This resulted in samples with increasing initial glucose concentrations (0-562 mM) with a fixed solid fraction of 27 % (w/w). Hydrolysis for 20 h and analysis were conducted as described above.
Moderate/high beta-glucosidase concentrations
To investigate the effect of accumulated cellobiose during enzymatic hydrolysis, we conducted experiments with respectively moderate (one-fourth volume of Novozyme188 relative to Celluclast, resulting in 8 CBU g −1 of cellulose) and excess (980 CBU g −1 of cellulose equivalent to 4 mg g −1 of cellulose of purified AnBG) BG. These experiments were designed as described above, keeping enzyme (Celluclast) and solid content fixed, while varying the water content. Thus, in case of moderate BG concentration, a buildup of cellobiose is expected as the liquid volume decreases, while the cellobiose concentration is negligible (measured to be <2.5 mM) at all liquid fractions in case of excess BG.
Calculations
The calculations of conversion in high-solid samples are often complicated by the change in volume of the solid and liquid fractions as well as density change of the liquid phase during hydrolysis. This may lead to overestimation of conversion by up to 35 % [26] . In the present work, this issue was avoided by the addition of 16 ml of extraction solution as described above, which eliminates the potential error from underestimation of the liquid hydrolysate volume in high-solid samples. Conversion was calculated as the degree of solubilization using the ratio between glucosyl units in the supernatant (n Glu , 2×n Cel ) and the theoretical number of glucosyl units in the biomass (Eq. 1).
where m S denotes sample mass of biomass/enzyme slurries, X solid is the weight fraction of solids in substrate/enzyme slurry, X Cellulose is weight fraction of cellulose in the solids, and M Glucosyl is the molar mass of glucosyl units in cellulose (162 g mol
). The concentration of glucose and cellobiose in the hydrolysate was calculated based on n Glu and n Cel as above and estimation of the liquid volume in the hydrolysate sample. The liquid volume was corrected for liquefaction by adding the volume increase from released glucose and cellobiose, using the density of 1.52 g/ml corresponding to the density of pure glucose (Eq. 2). Control calculations have shown that this approximation gives less than 1 % error in calculated volume (using tabulated densities of known glucose/water weight fractions).
where X W is the initial water fraction of the biomass/enzyme slurry, V W is the volume of added buffer, and 1.52 g/ml is the density of pure glucose. Since water is a substrate for hydrolysis, the water consumption was calculated; however, this only accounts for less than 1 % of the liquid volume (at the highest solid content) and was therefore not included in Eq. 2.
Results and discussion
Relationship between the solid effect and product concentration
Increasing the solid fraction, by reducing the water content, in samples with fixed amount of biomass and enzyme resulted in a linear decrease in yield (Fig. 1a) after 20 h of hydrolysis. This is a clear signature of the solid effect as it is also observed for other substrates in the literature [6, 14, 26] . Thus, the conversion from 20 h of hydrolysis at 50°C fell from 65 to 35 % going from 7 to 33 % solid (panel a). These values are comparable to the solid effect for filter paper under comparable experimental conditions (dose, temperature, and hydrolysis time) [14] . In this work, we consistently use the 20-h time point, but it should be noted that the solid effect may depend on hydrolysis time, with a tendency to almost disappear at extended hydrolysis times where conversion approaches the theoretical limit at the highest solid loadings [15] . Figure 1b shows the concentration of glucose and cellobiose as a function of solid content in the same samples as in Fig. 1a . As seen from the figure, both glucose and cellobiose concentrations increased with solid content. While glucose may be considered as an end product of the enzymatic hydrolysis, cellobiose is an intermediate, whose concentration depends on the BG activity. The increase in glucose is expected due to the reduction in water volume with increasing solids. The increase in cellobiose concentration might be attributed to the decreased BG activity caused by glucose inhibition, as also shown in previous studies [31] [32] [33] [34] . Since both sugars are known to inhibit the cellulase complex in T. reesei [17] , the decrease in conversion with increasing solids might be attributed to product inhibition by both sugars.
To test whether product inhibition is important within the concentration range observed in Fig. 1b , a new set of experiments was performed, where glucose was added initially to 33 % (w/w) PCS with enzyme on ice. As seen from Fig. 2 , increasing the initial glucose concentration from 0 to 562 mM, which corresponds to the range of accumulated glucose concentration in Fig. 1b , resulted in a linear decrease in hydrolysis yield at a constant solid content of 27 % (w/w). The inset shows that the cellobiose concentration increases linearly with the initial glucose concentration. As mentioned above, this probably reflects BG inhibition.
Based on Figs. 1 and 2, it is concluded that (i) conversion decreases and accumulated product concentration increases linearly with solid fraction, and (ii) the addition of glucose in Further insight into the importance of product inhibition for the solid effect might be gained plotting conversion against cumulated glucose concentration in the two experiments presented in Figs. 1 and 2 . The strength of this analysis is the correlation between conversion and product concentration when two distinct independent variables are changed, i.e., water content and initial glucose concentration. Hence, in the case of the "water variation experiment," conversion is plotted as a function of accumulated glucose, whereas in the case of the "initial glucose experiments" (constant solid fraction), conversion is plotted against the total glucose (added+ produced). As seen from Fig. 3a, b , the two plots fall on a continuous curve for both glucose and cellobiose.
The results from Fig. 3 indicate that the major contributor to the solid effect is product inhibition. If other parameters coupled to the water content were important, these would not fall on the extension of results from the water experiment as it is indeed seen for the initial glucose experiment in the case of both glucose and cellobiose (Fig. 3) . Thus, parameters such as viscosity changes, substrate hydration, substrate availability, or "other inhibitors" (as soluble phenols, xylo-oligomers, etc.), which are all expected to depend on water content, do not seem to be the main parameters controlling the solid effect, at least not for the substrate and concentration ranges examined here. It should be noted, however, that the current substrate has been washed following the pretreatment, which might reduce the presence of soluble inhibitors as xylo-oligomers [23] and (poly) phenols [15, 22] compared to unwashed substrates. The above conclusion is in agreement with recent studies by Selig et al. who showed that the addition of cross-linked dextrans to cellulose hydrolysis samples did not affect conversion, which would be expected if viscosity and diffusion of cellulases are the rate- limiting factors under high-solid conditions [27] . Hence, even though it has been shown that the effective diffusion coefficient of a model protein (BSA) is reduced under high-solid conditions [20] , this effect does not appear to be rate limiting for hydrolysis.
The mechanism behind glucose inhibition has been debated in the literature [18, 20, 27, 35] . Since the apparent IC(50) values (i.e., inhibitor concentrations that brings about a 50 % reduction in activity) are in the order of several hundred millimolars of glucose, interactions are suggested to be weak as compared to a classical competitive inhibition where the inhibitor binds tightly to the active site. This view is supported by recent studies suggesting that the inhibitory effect of glucose are primarily governed by weak interactions with water which increase the water restriction (measured as a reduction in water relaxation time, T 2 , by lowfield NMR) in the hydrolysate [20, 27, 35] . This is further supported by the observation of inhibitory effects from other monosaccharides such as mannose, galactose, and xylose, where a correlation was observed between T 2 and hydrolysis yield [35] . Furthermore, it is well known that addition of the so-called cosmotropic osmolytes (sugars, polyalcohols, and certain amino acids) reduces the catalytic activity of a number of enzymes through the so-called preferential interactions and crowding [36] . Hence, the inhibitory effect of glucose shown in Figs. 2 and 3a may originate from a combination of weak interactions with enzymes and indirect effects connected to saccharide hydration.
Estimation of relative inhibition by glucose and cellobiose
The data in Fig. 3 does not give any information of the relative inhibitory strength of glucose and cellobiose. Rather, it only suggests that the yield decreases with both products. As mentioned above, cellobiose may be considered an intermediate, whose concentration is regulated by BG activity. Hence, one approach to control the cellobiose concentration is to change the BG activity, and ultimately effects of cellobiose may be eliminated altogether at high BG doses [31, 32, 37] . We applied this approach by performing experiments as in Fig. 1 with either high or moderate BG activity. Hence, in the case of moderate BG activity, cellobiose is accumulated proportionally to the solid fraction (as seen in Fig. 1b) , whereas the cellobiose concentration is kept low (measured to be <2.5 mM) at high BG concentration. This enabled us to single out the inhibitory effect of glucose and cellobiose, respectively. This Fig. 3 Combination of data from "water experiments" (Fig. 1) and "initial glucose experiments" (Fig. 2) . a Conversion is plotted against accumulated glucose concentration for the "water" (solid circles) and "initial glucose" (open squares) experiments. b Conversion as a function of accumulated cellobiose in the water and initial glucose experiments. The lines are exponential fits, which are added to aid the eye and without theoretical meaning analysis is presented in Fig. 4 , where the relative decrease in conversion (C/C 0 ) is plotted respectively against the concentration of glucose (panel a) and cellobiose (panel b). Results for glucose (Fig. 4a) were derived from the experiments with high BG activity, which had a low accumulation of cellobiose (<2.5 mM) and hence a negligible inhibition from this compound. In this case, C 0 was determined by extrapolation to zero glucose. For cellobiose (panel b), the percentage drop in yield was determined by dividing the conversion at moderate BG with high BG activity at identical glucose concentrations (see the inset in panel b). Here, C 0 was defined as the conversion at high BG activity, where inhibition by cellobiose is negligible.
As seen, the increasing concentration of both inhibitors results in a linear decrease in relative conversion, but the slopes are quite different. Thus, glucose inhibition was estimated to have IC(50) of 727 mM and cellobiose IC(50) around 44 mM. Both of these values were obtained by linearly extrapolating the data in Fig. 4a , b to C/C 0 =0.5. In other words, cellobiose appears to be~15 times more inhibitory than glucose on a molar scale. The IC(50) values for the cellulase complex found in the current work is in reasonable agreement with a recent study on glucose and cellobiose inhibition of mono-component cellulases hydrolyzing regenerated amorphous cellulose [38] . For example Cel7A (CBH 1), which is the most abundant cellulase in T. reesei cellulase complex, was found to have IC(50) of 19 and 400 mM for cellobiose and glucose respectively. Cel6A (CBH II) was found to have IC(50)>80 mM for cellobiose and 140 mM for glucose. Cel7B (EG I) is also inhibited within the same order of magnitude for both glucose and cellobiose [38] . It should be noted that other studies have found 1-2 orders of magnitude lower IC(50) values for cellobiose in the case of Cel7A [39, 40] . This difference Schematic drawing of proposed inhibition mechanism in high-solid saccharification. The relative importance of the "direct" and "indirect" glucose inhibition depends on BG activity most likely reflects differences in experimental conditions, especially low substrate concentration, as compared to this study and the study of Murphy et al. [38] . IC(50) should be considered an empirical parameter, which depends on the experimental conditions as substrate type (affinity to substrate vs inhibitor), concentration (apparent IC(50) increase with substrate concentration), hydrolysis time, and temperature as also noted elsewhere [40] . Based on the findings above, glucose may inhibit both cellobiohydrolases and endoglucanases directly as is the case when excess BG is added or indirectly through inhibition of BG which results in increasing cellobiose concentrations (Fig. 5) .
Considering the relative strength of glucose and cellobiose inhibition (cellobiose~15 times more inhibitory) in relation to observed concentrations industrially (~1 M glucose,~10 mM cellobiose), both inhibitory mechanisms are important for the final yield in high-solid hydrolysis.
In summary, the current work concludes that product inhibition from both glucose and cellobiose is the main cause of the solid effect under the given experimental conditions. The estimated inhibition constants of glucose and cellobiose are in reasonable agreement with literature values of both mono-component cellulases and cellulase cocktails. These findings suggest that factors as viscosity, substrate hydration, substrate availability, or "other inhibitors" (as soluble phenols, xylose, etc.), which are all expected to depend on water content, do not seem to contribute significantly to the solid effect, at least not for the substrate and concentration ranges examined here.
